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PREFACE 





This paper is the twelfth in a series of reports growing out of studies 
of radar cross-sections at the University of Michigan's Willow Run Re- 
search Center. The primary aims of this program are: 


(1) To show that radar cross-sections can be determined analyti- 
cally. 


(2) To elaborate means for computing cross-sections of objects of 
military interest. . 


(3) To demonstrate that these theoretical cross-sections are in 


agreement with experimentally determined values. , 


Intermediate objectives are: 
(1) To compute the exact theoretical cross-sections of various 
simple bodies by solution of the appropriate boundary-value 


problems arising from the electromagnetic vector wave equation. 


(2) To examine the various approximations possible in this problem, 
and determine the limits of their validity and utility. 


(3) To find means of combining the simple body solutions in order 
to determine the cross-sections of composite bodies. 


(4) To tabulate various formulas and functions necessary to enable 
such computations to be done quickly for arbitrary objects. 


(5) To collect, summarize, and evaluate existing experimental data. 


Titles of the papers already published or presently in process of publi- 
cation are listed on the inside of the front cover. 


K. M. Siegel 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 
UMM-127 


SUMMARY OF RADAR CROSS-SECTION STUDIES 


The need for work in the radar cross-section field has been well 
expressed ina recent USAF report (Ref. 1), as follows: 


“During World War II, many measurements of aircraft radar re- 
flection characteristics were made but unfortunately alrnost none were 
made with sufficient accuracy and uniformity of measurement technique 
that they can be considered meaningful. 


“As a result of these measurements, contractors and components 
of the Air Force are using values of echo area that vary in value and 
are insufficient in detail to allow proper calculations of factors vital in 
the research and development of radar equipment.” 


The Willow Run Research Center, because of its interest in para- 
meters which are vital in Air Defense system problems, started an 
analysis of the radar cross-section field in 1949. It is believed that the 
capability now exists at the Willow Run Pesearch Center to determine 
the radar cross-section of any target of military importance to within 
a factor of 10. 


Radar cross-sections may be determined either theoretically or 
experimentally. In either case great difficulties are encountered. In 
the precise theoretical determination of cross-sections the mathemati- 
cal complexity is so great that the analytical problem can be solved 
only for the simplest shapes, and even then the computational proce- 
dures in obtaining numerical answers are forbiddingly difficult. To 
date the analytical problem has been solved only for five shapes: 
Sphere, prolate spheroid, oblate spheroid, semi-infinite cone, and 
semi-infinite paraboloid. However, approximations are known fora 
great many other shapes, including the following: finite cone, finite 
paraboloid, ogive, circular cylinder, elliptical cylinder, wire, thick 
dipole, wedge, circular disk, rectangular flat plate, various corners, 
hyperboloid of one sheet, hyperboloid of two sheets, and torus. Fur- 
thermore composite bodies composed of mixtures of these simple 
‘shapes are also subject to approximate analytic methods, which yield 
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appropriate solutions. Finally, real objects, such as aircraft, may be 
approximated by composite groups of such simple shapes, again within 
the limits of the necessary accuracy of the approximation. These © 
methods of approximation are discussed in some detail in other papers 
of this series, notably References 2 and 3. 


The over-all results of any such approximation method should be 
accurate within a tactor of 10. It is of course hoped that the approxi- 
mations will be better in many cases, but this maximum error is toler- 
able because the range of detection varies as the fourth root of the 
cross-section. In other words, if the radar cross-section is known 
within a factor of 10, the range performance of the radar system is 
known within a factor of 1.78. 


The other method of determining radar cross-sections is by experi- 
mental measurements. These measurements may be made on full-size 
objects or on scale models, and they may be either static or dynamic in 
nature. Many difficulties plague each of these types of experiments, 
and again it is difficult to be certain that answers obtained are reliable 
within a factor of 10. In static experiments the model or full-scale ob- 
ject must be suspended in some way away from the earth, and it is diffi- 
cult to eliminate reflections from the supports. Furthermore there are 
likely to be reflections from the ground. It is often difficult to guarantee 
that the radar and the scatterer are sufficiently far apart so that the 
results can be truly said to represent a far-zone (as distinguished from 
a near-zone) cross-section. In dynamic experiments it is difficult to 
measure the exact aspect and range of the object at the instant the 
measurement is made, and furthermore calibration difficulties are fre- ; 
quently involved because of the difficulty of getting a comparison object 
at the same range within a reasonable time. In all cases there are dif- 
ficulties in eliminating reflections from spurious targets in side lobes, 
and numerous other instrumentation difficulties. Measurement of cross- 
section of full sized objects presents obvious difficulties connected with 
the expense of the experiments, whereas the use of scale models brings 
into question the appropriate modeling theory and also leads to ques- 
tions of the accuracy of the models. 


For all of these reasons, a particular number which is produced as 
representing the cross-section of any particular object is not likely to 
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be reliable unless this number has been verified both by several differ- 
ent types of experimental measurements and by theoretical calculations. 
The only cross-section values which could probably be relied on to 
within an accuracy of a few per cent are those of the simple shapes 
mentioned above for which exact electromagnetic solutions are avail- 
able. In some cases, however, numerous static and dynamic experi- 
ments on both full-scale objects and scale models have given answers 
all in the same neighborhood, and when these answers are further cor- 
roborated by theoretical evidence there can be considerable confidence 
in the results, and also in the approximation technique used. 


In general, then, an approximation method can be considered re- 
liable and physically significant if it satisfies the following tests: 


a) A collection of simple shapes ‘such as those listed above) can be sub- 
stituted for the actual object in question (for example, an aircraft) with- 
out appreciably changing the scattering effect on electromagnetic radia- 
tion. 


b) A suitable numerical solution is available for the resulting collection 
of simple shapes, which is a good approximation for the exact answer 
to this collection of simple shapes. 


c) Some member of the class or kind of composite configuration (like 
fighters with swept-back fins) should have had its cross-section meas - 
ured in a laboratory and the approximation method when applied to that - 
configuration must have yielded results which were within a factor of 

10 of the measured results averaged over some suitable range in angle 
(usually determined by expected accuracy of the experimental equip- 
ment). 


Many of the approximation techniques which lead to the numerical 
results mentioned in Appendix B, and which will be analyzed in another 
paper of this series, have met all of these tests. 

This report, the final radar cross-section report sponsored under 
Project MIRO, summarizes many parts of the radar cross-section field. 
In particular it brings up to date all knowledge available to us on the 
radar cross-section of aircraft and other airborne military vehicles 
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(such as guided missiles). In Appendix A is presented an up-to-date 
summary of all known experimental values of radar cross-sections of 
aircraft, missiles, and artillery and mortar projectiles. This summary 
includes both dynamic and static measurements on both full-scale tar- 
gets and on models. This table replaces the corresponding portions of 
the similar tabulation in Reference 4. In Appendix B are tabulated all 
of the theoretical values of radar cross-sections of aircraft and air- 
borne missiles which have been computed by the Willow Run Research 
Center. ‘The corresponding theoretical calculations for ballistic mis- 
Siles will be published separately later.) In three cases these theoreti- 
cal results are compared with experimental results. In Appendix C are 
discussedall the exact values of radar cross-sections presently known 
for three-dimensional configurations. 


The radar cross-section field, and the series of papers of which 
this is a part, must be viewed as a whole. It is of interest to note, for 
example, that the cross-section of a prolate spheroid which was anae 
lyzed at Willow Run Research Center under Project Wizard has been of 
value because the fuselage of many aircraft can be approximated by a 
prolate spheroid. Also the cross-section of a cone, which was analyzed 
under Project MIRO, has been of value because the cone (and the closely 
related configuration known as the ogive) are important in computing 
the cross-section of ballistic missiles. The work on the radar cross- 
section of the sphere has been applied to the scattering of light by air 
molecules, water droplets, and dust. 


It appears that there is considerable utility in theoretical radar 
cross-section studies of the type which are reported in this series, and 
that the fundamental theoretical work has now proceeded to the point 
Where a maximum of pay-off can be obtained with a minimum of effort. 
It is therefore recommended that this type of effort be maintained. In 
particular, it is recommended that continuing surveys be made of the 
theoretical work being done and the experimental results reported in 
the radar cross-section field, and that these results be tabulated and 
circulated periodically. It is also recommended that a continuing study 
be made of new and old methods of obtaining radar cross-sections of 
composite shapes (missiles and aircraft) to determine the best methods 
available for radar cross-section determinations. Finally it is recom- 
mended that such a group be maintained so that it is available to supply 
particular radar cross-section estimates in accordance with requests 
for such data from appropriate authorities in the Department of Defense. 
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APPENDIX A 


















COMPENDIUM OF EXPERIMENTAL CROSS-SECTION DATA 


The Willow Run Research Center has continued collecting and tabu- 
lating cross-section data. The results of this tabulation are presented 
in this appendix. For the sake of unity this present survey embraces 
all of the material previously presented [Ref. Al], with occasional cor- 
rections and the deletion of some retracted data. In addition, a con- 
siderable amount of new data is presented. These tables thus represent 
all published experimental data known* to the authors. However, it is 
to be stressed that the following tables are neither presumed nor in- 
tended to be exhaustive, but rather representative. Frequently, the 
data given for sample aspects is taken from a more complete tabulation 
or from entire polar diagrams of cross-section. Hence, the original 
references should be consulted if more specific and detailed informa- 
tion is desired. , 


Attention is called to the fact that a very exhaustive bibliography of 
research on radar reflections has appeared recently [Refs. A2, A3, A4]. 
This bibliography contains abstracts and comments on over 1000 pub- 
lished articles. While very little numerical cross-section data is in- 
cluded, these three volumes are an invaluable reference and catalog 
aid to researchers in this field. 


*If the reader knows of any data not covered herein, the authors would 
appreciate obtaining references to them. 
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APPENDIX B 


THE THEORETICAL APPROXIMATION OF THE RADAR 
CROSS-SECTION OF VARIOUS MISSILES AND MANNED AIRCRAFT 


B.1: Introduction 


In the work at the Willow Run Research Center it has been neces- 
Sary on various occasions to estimate the radar cross-section of vari- 
ous aircraft and missiles. In this appendix the results obtained are 
Summarized and, wherever possible, these theoretical results are com- 
pared with experiment. Much work has been done in connection with 
V-2 type and intercontinental ballistic missiles; it is planned to report 
this work in a future paper in this Radar Cross-Section series. The 
methods employed in finding theoretical values of cross-section are 
briefly discussed in Section B-2. Manned aircraft are considered in 
Section B-3,and Section B-4 contains the results obtained in the con- 
sideration of the cross-section of missiles (excluding ballistic types). 


B.2: The Methods Employed in Approximating the Cross-Section of a 
Missile or an Airplane 


The purpose of the following paragraphs is simply to place the 
theoretical values of radar cross-section which are tabulated below in 
their proper perspective with respect to experimental values of J, and 
to re-emphasize the need for the use of the concept of radar cross- 
section with appropriate regard for its relation to the properties of the 
radar system. 


In determining the cross-section of a composite body such as those 
under discussion here it has been assumed that components vibrate in 
such a manner that their fields can be added in random phase. This | 
assumption leads to a simple addition of the radar cross-sections of the 
various parts of the body in finding the cross-section of the composite 
body itself. The following argument shows why “random phase” implies 
this process of simple addition. 
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The radar cross-section of an arbitrary surface is given by 


¢ = lim amr” S/n |? 


roo 


where r is the distance from the radar to the target and H® and Hi! are 
the scattered and incident magnetic field vectors respectively. For 


convenience we may write 


| Ae =A, 


| 
| 
| 
| 


“ 
| 


Consider the radar cross-sections for two scatterers given by 





ane o 7 | = A 


by 








If the position of one of these scatterers is random relative to the other, 
the expected value of 0, E (a), is given by 


oT ov 
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The procedure used in finding these cross-sections involves con- 
sidering a target as a combination of simple surfaces such as cylinders, 
flat plates, prolate spheroids, etc, and then adding the calculated return 


from each surface. 


The justification for a random phase addition of the radar cross- 
sections of the component scatterers is based upon the fact that the rela- 
tive positions of the component scatterers (or at least the relative posi- 
tions of the simple geometric configurations used to approximate them) 


cannot be precisely determined. 


In a more exact treatment, the relative positions of the component 
scatterers would be specified and an approach such as this would not be 
appropriate. But this approxirnate method has achieved a moderate de- 
gree of success (Ref. B-1) at large wavelengths (for example, greater 
than about 1 meter for manned aircraft); hence it is only natural to try 
to extend this technique into the microwave region. It is important to 
note that for the longer wavelengths the radar cross-section is depend- 


ent upon both wavelength and polarization. 


Resonance effects are probably always present in the consideration 
of conventional aircraft. Experimental values of O indicate that this 
quantity is less dependent on polarization and resonance phenomena as 
the wavelength decreases. Since the approximations of geometrical and 
physical optics are such that the back scattering 6 calculated by these 
methods does not depend upon either polarization or resonance effects, 
but does depend upon the relative magnitude of \ and’ (where isa 
characteristic dimension of the scattering surface), it 1s only reason- 
able to expect a moderate degree of success when extending the above 


~ 
s 


technique into the microwave region (i.e., A“ & ). 


The advantage of this technique is the relative simplicity of the 
calculations employing physical and geometrical optics. 


It should be noted that, although the calculated values of radar 
cross-section presented herein in some cases seem high, they are 
really not incompatible with values encountered in the field. The prob- 
lem of correlating the analytical and experimental values of radar cross- 
section fundamentally depends upon three factors: the condition of the 
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equipment; the experimental method employed to observe the radar echo; 
and the validity of the theoretical results. 


During World War II a scientific team from the Radiation Labora- 
tories made measurements of the performance of a number ot radar 
sets and compared their range performance with the laboratory or 
“ideally maintained and adjusted” value. These results are shown in 
Figure B.| and discussed below. From this chart we see that in prac- 
tice a large percentage of radar systems tested were not working at 
their calibrated efficiency, but at 10 db or more below. Consequently, 
the values of O surmised from operational experience with these sys- 


tems are too small. 


One of the attempts to assign causes for this performance degrada- 
tion may be found in Reference B-2, wherein the sources are taken to 


be associated with 


receiver noise figure, 
S/N ratio. 
collapsing loss, 


i) 


oN) 


4. beam shape loss, 
5. pluinping losses, 
6b, operator losses, and 


7. Gbserver tactor. 


Though definitions of the above may vary, depending on the facility 
to assign values for each error ina particular radar, the composite 
effectis observable and measurable. Losses of 20 to 30 db are not un- 
heard of, and thus with a particular measuring instrument ¢uch as a 
usual field-type radar one may be measuring the properties of instru- 


ment plus target, instead of the target alone. 


Linford (Ref. B-3) defines the effective radar cross-section as that: 
value of 4» obtained from the radar range equation which is exceeded 
during one-half of a series of measuring time intervals. In this way, as 
Kerr (Ref. B-!) points out, the essential feature of the probability of 
detecting the echo is introduced into the value of ¥ . If desired, the re- 
quired degree of probability could be modified, and the resulting value 
of GO would be changed accordingly. 
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FIG. B-1 RADAR PERFORMANCE SURVEY, JULY 1945 
Taken from Radiation Laboratory Series No. 1, “RADAR SYSTEM 
ENGINEERING”. Ridenour, McGraw - Hill, reproduced in Ref. B- 2 
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Another factor important in correlating analytical and experimental 
values of radar cross-section is the angular variation in target aspect 
that occurs during the time of observation. This variation may be due 
to surface vibrations of the scatterer, relative motion between target 
and radar, etc. 


As Barlow and Emerson (Ref. B-2) point out, the probability of de- 
tection 1s dependent upon the nature of the fluctuations of the target : 


Signals from scan to scan. They say, 


“A large bomber viewed at the short wavelengths used for A.I. 
has an echoing area whichis such a rapidly varying function of 
aspect that the inevitable srnall aspect changes from scan to 
scan are sufticient tu cause considerable fluctuation.” 


B.3: The Cross-Section of Manned Aircraft 


The results obtained for tne radar cross-section of the TU-4 (B-29), 
the IL-28, and the B-47 are tabulated in this section. 


Throughout this section the aspect will be specifiedinterms of @ and 
®& where @ is the azimuth angle measured from the noge in the plane of 
the wing, and 6 is the elevation angle measured from the nose ina plane 
perpendicular to the wing and containing the axis of the fuselage, as 
illustrated in Figure B-2. 


B.3.J): The TU-4 (B-29) 


For the purposes of this work, the radar characteristics of the 
TU-4 are assumed to be essentially the same as those of a B-29, 
(Ret. B-4). 


Applying the techniques briefly outlined in Section B.2 above, the 
following results were obtained for the aspects defined by 6 = 0° and 
4° and % = 0° to ¢ = 180° at 30° intervals at X-band, S-band, and 
L-band. The results so obtained are listed below in Table B-1. 
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FIG. B-2 BASIC GEOMETRY USED IN DETERMINING THEORETICAL 
CROSS- SECTIONS OF AIRCRAFT 


era ra Sa Re a bene oo RR RA VERRAN a aS AS ARs tram RS mR PE a ru ee RDB LENT! | 


At the time of the computation of the following data, experimental 


dene 


information could be obtained only for essentially nose-on and tail-on 


2 me ees, 


views. Concurrent with the computation of those values a report on the 
measurement of radar echoes from a B-29 was published at the Naval 
Research Laboratories (Ref. B-5). A comparison of the theoretical 
values given below and the NRI, experimental values, for comparable 


7 See AREER oe ew 


aspects, 1s presented in the following graphs. The graphical method ot 
presentation is the same as that appearing in the NRL report, with the 
theoretical values added. However, in the following graphs the plotted 
NRL points are connected to form broken line graphs. Approximately 
nose-on- aspects are shown in Fipure B-3, aspects near 30° in azimuth 
are given in Figure B-4, those near 60° in azimuth are shown in Figure 
B-5, and Figure B-6 shows the comparison for approximately broadside 
aspects. Even though small differences exist between the theoretical 

and experimental aspects compared, examination of the following graphs , 


shows that the predicted values are in general agreement with those ob- 
tained experimentally. 
eget ara e tae Ee u& 
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L - Band, Aspect C 


Aspect A: Azimuth 659° - 675° Flevation 1.92° - 2.00° 
Aspect B: Azim th 356.08"  - 355.83°; Ele. ati 7.00" - 7.30° 
Aspect C: Azimuth 817° - 625°, — Elevation 1.50° - 1.59" 


FIG. B-3 COMPARISON OF THEORETICAL AND EXPERIMENTAL CROSS - SECTIONS 
OF THE B- 29 AT ESSENTIALLY NOSE-ON ASPECTS 
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Aspect D: Azimuth 35.0° - 36.75°; Elevation 5.75" - 6.08° 
Aspect E.: Azimuth 27.0° - 28.08°; Elevation 2.25 = - 2.33° 


FIG. B-4. COMPARISON OF THEORETICAL AND EXPERIMENTAL CROSS - SECTIONS 
OF THE B-29 AT THE ASPECT DEFINED BY AZIMUTH =30° AND ELEVATION =0° - 4° 
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Aspect F: Azimuth 67.50" -72.00°; Elevation 3.17° - 3.17° 


FIG. B-5 COMPARISON OF THEORETICAL AND EXPERIMENTAL CROSS - SECTIONS 
OF THE B- 29 AT THE ASPECT DEFINED BY AZIMUTH=60° AND ELEVATION= 0° - 4° 
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Aspect G: Azimuth 90.00° -93.08°. Elevation 3.67° - 3.75° 


FIG. B-6 COMPARISON OF THEORETICAL AND EXPERIMENTAL CROSS - SECTIONS 
OF THE B-29 AT THE ASPECT DEFINED BY AZIMUTH+90° AND ELEVATION 30° - 4° 
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ASPECT 2 
(in degrees) _ RADAR CROSS-SECTION IN m 


X-Band S-Band ‘L-Band 


Latlioed 68.0 
a 
Maes [9.8 















30 9.8 
C30 | 
60 | 38.4 | 8a 

60 | 12.8 | 12.8 | 12.8 
[90] 2630. | 1200. | 1370. 
[90 
20 


38.4 





Cl | 
. 
po | | 
474. 
| 0 | 120 32.3 
6.7 
poo | iso | 8 fk | 8 
5.8 
, Oo | 180 | 62.6 [626 | 62.6 


OG for the TU-4 (B-29) 


‘ 


62.6 





Table B-1 


The monostatic and bistatic radar cross-sections at 600 mc for the 
TU-4 (B-29) were also computed and compared for one particular as- 


pect. The monostatic radar cross-section, 0 and the bistatic radar 


cross-section, 0), were calculated by Bieanec physical and geometri- 
cal optics. The target aspect is determined from the geometry in 

Figure B-7 where points P and Q are 30 miles apart and where the tar- 
get is at an altitude of 500 feet directly above the midpoint of a straight 


line connecting P and Q. 





p : Q 


FIG. B-7 BASIC GEOMETRY USED IN THE DETERMINATION OF THE . 
BISTATIC CROSS - SECTION OF THE T U-4 (B- 29) 
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The monostatic case analyzed is the case in which the transmitter 
and receiver are both at Point Pin Figure B-7. The monostatic radar 
cross-section was found to be 316 square meters. 


The bistatic case analyzed is the case in which the transmitter is 
at P and the receiver at Q. The bistatic radar cross-section was gdound 
to be 55,300 square meters. 


It might be well to point out that to date there is, to the authors’ 
knowledge, neither experimental bistatic cross-section data on a B-29 
for comparison, nor a method of obtaining an exact solution to the bi- 
static radar cross-section problem for objects of this complexity. 


Although the value of 55,300 m4 may seem large, it should be noted 
that Canadian early warning radar experiments indicate that large in- 
creases in radar cross-sections do result from bistatic operation. 


B.3.2: The IL-28 (Type -27) 


The radar characteristics of the 1L-28 are based upon configura- 
tions appearing in Ref. B-6. Since small changes in the configuration 
of a scattering surface may produce significant changes in the scattered 
energy distribution, it is reasonable to expect that the following values 
of radar cross-section for the various aspects may Change as more de- 
tailed information becomes available regarding the configuration. The 
IL-28 results are collected in Table B-2.* 


Subsequent to the calculation of the radar cross-section for the 
IL-28, it was pointed out in Reference B-6 that a Russian IL-28 (Type 
27) has approximately the same retlection characteristics as a B-45. 
Consequently, the theoretical values of radar cross-section for the IL-28 
and the experimental] values for the B-45 should be of the same order otf 
magnitude. This is found to be the case, as illustrated in the following 
graphs. The type of comparison and the method of presentation are the 
Same as in Figures B-8 to B-12. 





*The meaning of the aspect angles © and @ is indicated in Figure B-2. 
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| RADAR CROSS-SECTION IN m2 
(in degrees) 
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cae ae 0.38 0.38 0.38 
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1180 | 0.38 | 9 0.38 | 0.38 
ae BO _ 0.38 | 0.3 


g for the IL-28 


Table B-2 


B.3.3: The MX-2091 and the 286-12 Bombers 


The radar cross-sections of the MX-2091 and the 286-12 (see Fig's. 
B-13 and B-14) bombers have also been computed by these approxima- 


tion techniques. The aspect angles shown in Figure B-2 were used. 


The results obtained for the 286-12 are given in Tables B-3, B-4, 
and B-5. The results obtained for the MX-2091 are in Tables B-6, B-7, 
and B-8. 


R.3.4: The B-47A 

The theoretical physical-optics nose-on radar cross-section for 
the B-474 has been coirputed and previously reported in Reference B-7. 
The results obtained were as tollows: 


(1) L-Band, GO = 2.79 me 
(2) S-Band, G@ = 7.44 mé 
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FIG. B-12 COMPARISON OF THEORETICAL IL-28 CROSS - SECTION AND 
EXPERIMENTAL B- 45 CROSS-SECTION AT ASPECT DEFINED BY AZIMUTH 
=120° AND ELEVATION = 4° 
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TABLE B-3 





RADAR CROSS-SECTION OF THE 286-12 IN SQUARE METERS 
(Without the Bomb) 
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TABLE B-4 


RADAR CROSS-SECTION OF THE 286-12 BOMB IN SQUARE METERS 
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TABLE B-5 
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RADAR CROSS-SECTION OF THE 286-12 AND BOMB 
IN SQUARE METERS 
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TABLE B-6 


RADAR CROSS-SECTION OF THE MX-2091 IN SQUARE METERS ~ 
(Without the Bomb) 


ASPECT WAVELENGTHS (in meters) 
(in degrees) ee .. 
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RADAR CROSS-SECTION OF THE MX-2091 BOMB 
IN SQUARE METERS 


ASPECT WAVELENGTHS (in meters) 
as degrees 
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RADAR CROSS-SECTION OF MX-2091 AND BOMB 
IN SQUARE METERS 
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B.4: The Cross-Section of Missiles 


Using the aspect connotation given in Figure B-2, where the 6 and 
® aspect angles are defined,and employing the techniques briefly outs 
lined in Section B.2, the radar cross-section of the Loon, Regulus, and 
Snark Missiles were determined at various aspects and at the three fre- 
quencies denoted by X-band, S-band, and L-band. The configurations 
used were taken from References B-8, B-9, and B-10 respectively and 
the results of the computations are given in Tables B-9, 10, and 11. 


Other missiles have been considered but not in as great detail as 
those we have previously mentioned. All other theoretical missile 
cross-section determinations made at the Willow Run Research Center 
are listed in Table B-12, except ballistic missiles which will be analyzed 
separately ina future publication in this series. 


WILLOW RUN RESEARCH CENTER ~ UNIVERSITY OF MICHIGAN 


















UMM-127 

RADAR CROSS-SECTION IN m¢ 

(in degrees) 
X- Band S- Band L-Band 
co | o | se | 6 | 54 
OR A 
[of 0 CTC CCC 
[4 | ~ 0 SCdTSCtiTSSCSC*dS:C(“‘“ SS 
To | oo |S TSO] 
4 60d 1: . 
FO 80 16.5 16.5 
4 | 80 16.5 16.5 

0 28.2 28.2 

4 28.2 28.2 
Sa Se ae eae ee eT 
| 4 | 90 | 83, | 148. 
a re a a a ae 
4 | 100 
_ 4 | 105 

o. {| 120 | 

4 

oe 

4 
Oe ae 

4 


GO for the Loon Missile 


Table B-9 
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WAVE 
LENGTH 


REFERENCE FOR 
CONFIGURATION 
DATA 


MISSIT.F: ASPECT 


Navaho 
Rascal 
Big Richard 
G-2 
Bomarc 


Nose-on -A = Itt. 
Nose-on | lft. 
Nose-on lft. 
Nose-on ~ ft. 
Nose-on lft. 


30° off nose-on = Ift. 
60° off nose-on - lft. 
80° off nose-on = Ift. 

Broadside : = lft: 
100° off nose-on = 1 ft, 
120° off nose-on = lft. 
150° off nose-on | ZA ft. 


Bomarc 
Bomarc 
Bomarc 
Bomarc 
Bomarc 
Bomarc 
Bomarc 


Bomarc 
Lockheed Ramjet 


(missile only) 
"f 


tt 


Lockheed Ramjet 
(missile + jetbrace) 


Lockheed Ramiuet 
(missile + jet) 


i 


Redstone Missile 
Nike 
Matador 


Tail-on | Ae ATE: 


x = ba nd 
S-band 
L-band 


Nose-on 
Nose-on 
Nose-on 


X-band 
S-band 
L-band 


Nose-on 


Nose-on 





Nose-on 


X-band 
S-band 
L-band 
X-band 


Nose-on 

Nose-on 

Nose-on 
Broadside 


Broadside S-band 


Broadside L-band 
Nose-on 
Nose-on 
Nose-on 


O for Other Missiles 


Table B-12 
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XSSM-N-8 Regulus Progress Report #1 (covering review of 
progress through June 1951), Chance Vought Aircraft, Dallas, 
Texas. SECRET. 


Project Snark, (A review intended to supplement lecture material 
scheduled for presentation for the USAF Institute of Technology 
Guided Missile Seminar & Wright Patterson AFB, May 1951), 
Northrup Aircraft, Hawthorne, California. SECRET. 


“Standard Missile Characteristics", WADC Report. 


“Bell Aircraft Quarterly Progress Report - Project Rascal - 
Project Shrike, BMPR-25, June 1951. SECRET. 


“Surface to Surface Guided Missiles”, Air Technical Intelligence 
Center, Study No. 120-AC-51/44-34, January 1952. SECRET. 


“Bomarc Missile Design Data", Boeing Airplane Company, 
Document D-11550, Model MX1599, September 1951. SECRET. 


Jenks, F. P. and Thoren, R. L., “Ram Jet Test Vehicle Report”, 


Lockheed Aircraft Corporation, Progress Report No. 22, October 
1951. CONFIDENTIAL. 
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APPENDIX C 


EXACT SOLUTION TO ELECTROMAGNETIC 
SCATTERING PROBLEMS 


f[xact solutions of Maxwell's equations for boundary value prob- 
lemis involving the scattering of electromagnetic waves by three - 
dimensional configurations are very few indeed. The few exact solu- 
tions which are known are discussed below. 


The Sphere 


The cross-section of a sphere was determined theoretically by 
Mie (Ref. C-1), Stratton (Ref. C-2), Kerr (Ref. C-3), Aden (Ref. C-4), 
Ohio State University (Ref. C-5), University of California (Ref. C-6), 
and Brillouin (Ref. C-7). The above papers involved spheres which are 
perfect conductors (Ref. C-1, 2, 3, 5, 6, 7) and also dielectric spheres 
(Ref. C-1, 2, 3, 4). 


Only in references C-5 and C-6 is found a comparison between 
theory and experiment for conducting spheres of a particular size, 
where the transmitter and the receiver are separated. Only reference 
C-4 compares theory and experiment for water spheres. 


Thus it is apparent that there is much to be done both theoretically 
and experimentally before the general electromagnetic scattering from 
even such a simple shape as a sphere is generally understood. The 
theoretical aspect involves such matters as summability techniques and 
the task of computing many more numerical values of cross-section. A 
parallel expansion of experimental data pertaining to the dielectric sphere 
1s necessary for an evaluation of the theoretical results. 


The Prolate Spheroid 


The back-scattering cross-section of a conducting prolate spheroid 
has been determined exactly by Schultz when the incident Poynting Vec- 
tor 1s on the axis of Symmetry (Ref. C-8). Some of his results have been 
used in the computation of the prolate spheroid'’s cross-section by the 
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Willow Run Research Center on the Mark HI] and his theoretical results 
have been extended to peneral receiver location in Reference C-9. 
Reference C-9 also solves several of the theoretical questions involv- 


ing the prolate spheroidal recursion forrnulas. 


No experimental results have been published, to our knowledge, 
although some experimental work on the prolate spheroid is being con- 
ducted at the University of California under Prof. S. Silver. 


Again there is still much numerical as well as theoretical work to 
be done, especially in the dielectric case, which is practically untouched, 


as well as in the yeneral bistatic case. 
The Cone 


The work of Hansen and Schiff (Ret. C-10) and Willow Run Research 
Center (Refs. C-11 & C-12) has resulted in the exact cross-section for 
axially symmetric back-scatlering from 4 semi-infinite conducting cone. 


It is shown that up to at least a second order approximation for both 
physical optics result 


= aoe 
he ery 8 


lor 
_— et 
where ,» 18 the cross-section, .\ is the wavelength,and & is 1/2 the cone 


anple. 


| 

| 

| 

small and large cone angles the exact result is in agreement with the 
Sletten (Ref, C-13) has done the experimental work for the axially 
Symmetric back-scattering problem. Work has been started on other 

theoretical cone problems and it is believed that before too long a time 


the conducting cone problem will have been completely resolved. 


To our knowledge no work, either experimental or theoretical, has 
been conducted concerning the dielectric cone. 
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The Oblate Spheroid 


In the ninth paper in the series of studies on scattering cross- 
sections, the exact solution of the radar cross-section of an oblate 
spheroid was obtained by the method due to Hansen (Ref. C-14). Thesolu- 
tion obtained was for the case in which the transmitter and receiver 
were both situated along the axis of symmetry for a perfectly conduct- 
ing spheroid. As in the case of the sphere, for example, the radar cross- 
section has been obtained in the form of an infinite series. 


Unfortunately the defining relations for the coefficients in the series 
are quite complex and their values have not been tabulated very exten- 
sively. Consequently no numerical values of radar cross-sections exist 
as yet for the oblate spheroid. 


é 


The Paraboloid 


A solution has been obtained at the Willow Run Research Center for 
a semi-infinite paraboloid. It has been found (Ref. C-15) for the case 
in which the transmitter is along the axis of symmetry of the paraboloid 
that the exact radar cross-section can be obtained by the Luneberg- 
Kline method, based upon geometrical optics considerations. The exact 
bistatic radar cross-section of a paraboloid is plotted in Figure C-1. 
One can observe by substituting directly into Maxwell's equations and 
the boundary conditions that the geometric optics solution for the above 
Case is the exact solution. 
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